Abstract: A broad band electromagnetic extraction method of the dielectric tensor for nematic liquid crystals, associated to a measuring cell, is presented. The dielectric tensor is computed from S-parameter measurements obtained at the input planes of a coplanar waveguide supporting the nematic liquid crystal to be characterized, which is used as measuring cell. The extraction method of the dielectric tensor is based on the propagation of the dominant mode in the measuring cell. It is fast and easy. It uses analytical relationships, which are presented in this paper. The simulations results have demonstrated the validity of this extraction method in the 1GHz-40GHz frequency range for the electromagnetic characterization of nematic liquid crystals.
INTRODUCTION
In the last years, Frequency Agile Materials for Electronics (FAME) have been the aim of numerous studies to implement cheap electronics functions such as phase shifter, filter, etc. Among these materials, we can cite the nematic liquid crystals (NLCs) [1] . The development of microwave frequency agile devices based on NLCs requires knowing dielectric tensor properties in a broad band of frequency. These properties can be obtained from a characterization method using a measuring cell.
Experimental methods for measuring the parameters of anisotropic materials were investigated by several authors [2] - [4] . The measurements may be performed by means of the perturbation of cavity resonator, inside a rectangular waveguide, in free space, in a coaxial discontinuity or in stripline. Only Splingart et al. method [4] can be used to measure the dielectric tensor of NLCs in a broad band of frequency (1KHz<f<10GHz), since the others are limited in frequency or applicable to solid or particular materials [2] - [3] .
Contrary to [4] , which requires a rigorous electromagnetic analysis of the stripline cell from a numerical method as Spectral Domain Approach (SDA) [5] , the technique presented here is easy and fast. Moreover, the measurements may be performed at frequencies above 10GHz. It is based on a coplanar waveguide supporting the NLC to be characterized and used as measuring cell. The dielectric tensor is obtained from two S-parameter measurements of the measuring cell for two optical axis orientations of the NLC molecules: parallel and perpendicular to the RF electric field. The two orientations of the molecules are achieved by applying a bias voltage. S-parameters are performed at the input planes of the measuring cell from a network analyzer and on-wafer system covering a broad band of frequency (1GHz-40GHz). The dielectric tensor is extracted of those two S-parameters measurements using analytical relationships, which decrease considerably the computation time with respect to any numerical method. The measuring cell, the extraction method of the dielectric tensor based on analytical relationships and simulation results with isotropic and anisotropic materials under test are presented in this paper.
MEASURING CELL
The measuring cell ( Fig. 1 A parallel (θ=0) or perpendicular (θ=90º) orientation to the RF measuring electric field of nematic liquid crystal optical axis ( n r ) can be obtained inserting the measuring cell, respectively, between two vertical or horizontal plane electrodes (not shown in Fig. 1 ) and applying them a sufficient DC voltage. In this way, we can extract from two S-parameter measurements for two above respective orientations of the optical axis, the dielectric tensor ( // 2 r ε ε ξ = for θ=0 and
for θ=90º) of the NLC to be characterized.
EXTRACTION METHOD OF THE DIELECTRIC TENSOR
The extraction method is based on S-parameters measurements performed at the input planes of the measuring cell. The measurements of the S-parameters will be carried out by means of vector network analyzer (VNA) and on-wafer probing system as in [6] . This system connects the measuring cell with the VNA. The reference planes of the measurements at the access planes of the measuring cell are performed with an initial calibration. The permittivity tensor of the NLC under test is computed by resolving the reflection-transmission method [7] and by using an electromagnetic analysis method of the measuring cell. The reflection-transmission method requires the propagation to be dominant mode and its dispersion to be low in the measuring cell. The analysis method of the measuring cell is chosen and developed to be fast.
Electromagnetic Analysis of the Cell
The characteristic impedance of the measuring cell against frequency and several samples is plotted in Fig. 2 for the dominant mode. The characteristic impedance values were computed from commercially available finite element simulator with the above structure (W=260µm, W+2S=400µm,
). The intrinsic properties of the samples were considered constant in the 1GHz-40GHz frequency range. During the simulations, the conductors have been considered perfect (t=0µm and ∞ = σ ). As shown in Fig. 2 , the dominant mode dispersion is lower than 1.5% in the frequency range covering 1GHz-40GHz. Therefore, the reflection-transmission method can be used to extract the electromagnetic properties of the sample under test.
The dominant mode dispersion of the measuring cell being low, it is possible to substitute any numerical method by a quasi-static propagation analysis method of the measuring cell using analytical relationships derived from SchwarzChristoffel transformation (SCT) [8] . SCT allows to obtain the quasi-static effective permittivity and characteristic impedance for isotropic substrates ( 1
k are the bounds of the measuring cell ( Fig.  1): ( ) k . These integrals are also computed from analytical relationships [9] .
The effective loss tangent can be determined from loss factor as [10] :
where 
Resolution of the Reflection-Transmission Method
The reflection-transmission method [7] allows the first reflection (Γ) to be obtained at the input of the measuring cell and the first transmission (T) along the measuring cell of length d. The resolution of the equations leads to the terms of complex effective permittivity and permeability [7, 11] : However, for nonmagnetic materials to be measured, it is possible to increase the accuracy on dielectric characteristics by fixing the permeability at 1 in the reflection-transmission method. This leads us to look for only one complex unknown instead of two. Multiplying (8) and (9), we obtain [12] [13]:
The exchange between complex effective permittivity and the sample desired relative permittivity is easily computed from (1) to (7).
SIMULATION RESULTS
In order to illustrate this extraction method, we have simulated with commercially available finite element simulator, the above configuration of the measuring cell with isotropic and anisotropic samples under test. The characteristics of these materials were considered constant in the 1GHz-40GHz frequency range. During the simulations, the conductors have been considered perfect (t=0µm and ∞ = σ ). . The results were obtained from two simulations. One gives the S-parameters for an optical axis of the molecule according to a parallel orientation (θ=0) to the RF measuring electric field and the other, the Sparameters for perpendicular orientation (θ=90º). As it can be seen (Fig. 4) , the propagation in the cell is slightly influenced by the anisotropic property of the sample under test [14] . The relative errors are less than 4% for ' ξ ε and ' η ε in the 1GHz-40GHz frequency range. In the case of isotropic samples, the error is less than 1%. However, this error increases for anisotropic samples, being less than 10% for a dielectric anisotropy below ±0.9. 
CONCLUSION
A broad band extraction method of the dielectric tensor characteristics for nematic liquid crystals using a coplanar waveguide as measuring cell has been developed. The dielectric tensor properties are easily computed from a fast processing method of the S-parameters exploiting analytical relationships, which analyze the dominant mode in the measuring cell. The S-parameters are performed at the input planes of the measuring cell loaded with the nematic liquid crystal to be characterized. Simulated data for isotropic and anisotropic materials have demonstrated the validity of this method. This method should be suitable for experimental dielectric tensor electromagnetic characterizations of nematic liquid crystals with low dielectric anisotropy (<±0.9) in the 1GHz-40GHz frequency range.
